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(QKDQFHPHQWRIHOHFWULFDOFRQGXFWLRQDQGSKRQRQVFDWWHULQJLQ
*D2=Q2,Q2=Q2FRPSRXQGVE\PRGLILFDWLRQRILQWHUIDFHVDWWKH
QDQRVFDOH
'LDQD7$OYDUH]5XL])HULGRRQ$]RXJK
'DYLG+HUQDQGH]0DOGRQDGR'HPLH0.HSDSWVRJORX4XHQWLQ05DPDVVH
3HWHU6YHF3HWHU6YHF6U5REHUW)UHHU
6FKRRORI0DWHULDOV8QLYHUVLW\RI0DQFKHVWHU0DQFKHVWHU03/8.
6XSHU67(0/DERUDWRU\67)&'DUHVEXU\&DPSXV'DUHVEXU\:$$'8.
,QVWLWXWHRI3K\VLFV6ORYDN$FDGHP\RI6FLHQFHV%UDWLVODYD6ORYDN5HSXEOLF
FRUUHVSRQGLQJDXWKRU5REHUW)UHHU#PDQFKHVWHUDFXN
7HO

$%675$&7
7KH*D2=Q2 DQG ,Q2=Q2KRPRORJRXVSKDVHV KDYHDWWUDFWHGDWWHQWLRQDV WKHUPRHOHFWULF 7(R[LGHV
GXH WR WKHLU OD\HUHG VWUXFWXUHV *D2=Q2 H[KLELWV ORZ WKHUPDO FRQGXFWLYLW\ ZKLOH ,Q2=Q2 SRVVHVVHV
KLJKHUHOHFWULFDOFRQGXFWLYLW\7KHWKHUPRHOHFWULFSURSHUWLHVRIWKHVROLGVROXWLRQRI*D2=Q2,Q2=Q2
ZHUH H[SORUHG DQG FRUUHODWHG ZLWK FKDQJHV LQ WKH FU\VWDO VWUXFWXUH +LJK TXDOLW\ [*D2=Q2 
[,Q2=Q2x=WRFHUDPLFVZHUHSUHSDUHGE\WKHVROLGVWDWHURXWHXVLQJ%2DQG1G2DVDGGLWLYHV
7KH FU\VWDO VWUXFWXUHV ZHUH DQDO\VHG E\ ;UD\ GLIIUDFWLRQ ;5' KLJK UHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ +57(0 DQG DWRPLF UHVROXWLRQ VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH KLJK DQJOH DQQXODU
GDUN ILHOG LPDJLQJ ± HQHUJ\ GLVSHUVLYH ;UD\ VSHFWURVFRS\ 67(0+$$')('6 WHFKQLTXHV $ OD\HUHG
VXSHUVWUXFWXUH ZLWK FRPSRVLWLRQDO PRGXODWLRQV ZDV REVHUYHG LQ DOO VDPSOHV LQ WKH [*D2=Q2 
[,Q2=Q2 V\VWHP $OO WKH FHUDPLFV H[KLELWHG QDQRVFDOH VWUXFWXUDO IHDWXUHV LGHQWLILHG DV *D DQG ,QULFK
 ?

LQYHUVLRQ ERXQGDULHV ,%¶V 6XEVWLWXWLRQ RI  PROH ,Q x= LQ WKH *D2=Q2 FRPSRXQGV JHQHUDWHG
EDVDO DQG S\UDPLGDO LQGLXP ,%¶V W\SLFDOO\ IRXQG LQ WKH ,Q2=Q2P V\VWHP  7KH *D,Q2=Q2
FRPSRXQGGRHVQRWH[KLELWWKHVWUXFWXUDOIHDWXUHVRIWKHܥ݉ܿ݉ *D2=Q2FRPSRXQGZKLFKLVIRUPHGE\D
VWDFNLQJRI*DULFK,%¶VDORQJWKHS\UDPLGDOSODQHRIWKHZXUW]LWH=Q2EXWIHDWXUHVWKDWUHVHPEOHWKHFU\VWDO
VWUXFWXUHH[KLELWHGE\WKHܴ ?ത݉,Q2=Q2PZLWKEDVDODQGS\UDPLGDOLQGLXP,%¶V7KHVWUXFWXUDOFKDQJHVOHG
WR LPSURYHG WKHUPRHOHFWULFSHUIRUPDQFH)RUH[DPSOH *D,Q2=Q2 VKRZHG ORZ WKHUPDOFRQGXFWLYLW\
RI:P ?.DQGKLJKSRZHUIDFWRURIȝ:PÂ.JLYLQJDZTRIDW.7KLV LV WKHKLJKHVWZTIRU
*D2=Q2EDVHGKRPRORJRXVFRPSRXQGVDQG LVFRPSDUDEOHZLWK WKHKLJKHVWZT UHSRUWHG IRU ,Q2=Q2
KRPRORJRXVFRPSRXQGV
.H\ZRUGV=Q2WKHUPRHOHFWULFKRPRORJRXVFRPSRXQGVLQWHUIDFHVLQYHUVLRQERXQGDULHVWZLQERXQGDULHV
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
,1752'8&7,21
7R PLQLPLVH WKH HQYLURQPHQWDO LPSDFW RI SRZHU JHQHUDWLRQ IURP IRVVLO IXHOV DOWHUQDWLYH VRXUFHV DUH EHLQJ
LQYHVWLJDWHG7KHUPRHOHFWULFVKDYHPDQ\DWWUDFWLRQVEHFDXVHWKH\FDQEHXVHGWRJHQHUDWHHOHFWULFDOSRZHUIURP
ZDVWHKHDWZLWKRXWUHOHDVLQJ&2)RUPDQ\\HDUV3EDQG7HEDVHGDOOR\VKDYHEHHQH[WHQVLYHO\LQYHVWLJDWHG
>@ IRU WKHUPRHOHFWULF DSSOLFDWLRQVDV WKH\H[KLELW  ORZ WKHUPDO FRQGXFWLYLW\ ț DQG UHODWLYHO\KLJKHOHFWULFDO
FRQGXFWLYLW\ ı DQG 6HHEHFN FRHIILFLHQWV Sሻ ZKLFK DUH QHFHVVDU\ IRU JRRG WKHUPRHOHFWULF SHUIRUPDQFH
&DQGLGDWH PDWHULDOV DUH XVXDOO\ HYDOXDWHG LQ WHUPV RI WKH GLPHQVLRQOHVV )LJXUH RI 0HULW ܼܶ >@ JLYHQ E\
ZT=S2 ı/ț7RPD[LPLVHWKHHQHUJ\JHQHUDWHGE\WKHUPRHOHFWULFVERWK݊ െDQG݌ െW\SHHOHPHQWVDUHFRQQHFWHG
HOHFWULFDOO\LQVHULHVDQGWKHUPDOO\LQSDUDOOHOZLWKLQDWKHUPRHOHFWULFPRGXOH7KHLQKHUHQWWR[LFLW\KLJKFRVW
DQGSRRUKLJKWHPSHUDWXUHWKHUPDOVWDELOLW\RI7HDQG3EEDVHGDOOR\VKDYHOLPLWHGWKHODUJHVFDOHDSSOLFDWLRQ
RI WKHUPRHOHFWULF PRGXOHV EDVHG RQ VXFK PDWHULDOV $V DOWHUQDWLYHV WR WKHVH ZHOONQRZQ WKHUPRHOHFWULF
PDWHULDOVR[LGHVDUHDWWUDFWLYHFDQGLGDWHVEHFDXVHRIWKHLUVWDELOLW\LQDLUDWKLJKWHPSHUDWXUHVDQGORZWR[LFLW\
+RZHYHUWKHLUORZHOHFWULFDOFRQGXFWLYLW\DQGKLJKWKHUPDOFRQGXFWLYLW\OLPLWVWKHLUWKHUPRHOHFWULFHIILFLHQF\
0DQ\ DWWHPSWV KDYHEHHQ PDGH WR ORZHU WKH WKHUPDO FRQGXFWLYLW\RI ZHOONQRZQ WKHUPRHOHFWULF 7(R[LGHV
WKURXJKQDQRVWUXFWXULQJ>@
7KHQDWXUDOO\RFFXUULQJVXSHUODWWLFHVWUXFWXUHVIRXQG LQ WKH=Q2,Q2DQG=Q2*D2 V\VWHPVKDVSURPSWHG
LQWHUHVW LQ WKHP DV ݊ െW\SH R[LGH WKHUPRHOHFWULFV >@ 7KH *D2=Q2P ,Q2=Q2P DQG ,Q*D2=Q2P
m=LQWHJHUPRGXODUFRPSRXQGVDUHFKDUDFWHULVHGE\DVWDFNHGVHULHVRILQWHUIDFHVVXFKDVWZLQDQGLQYHUVLRQ
ERXQGDULHVDORQJWKHLUܿ െD[LV>@ZKLFKORZHUVWKHWKHUPDOFRQGXFWLYLW\ZLWKUHVSHFWWRWKDWRI=Q2E\DQ
RUGHURIPDJQLWXGH>@7KHOD\HUHGVWUXFWXUHVRIWKHVHFRPSRXQGVHQDEOHJRRGHOHFWULFDOFRQGXFWLYLW\LQ
RQHGLUHFWLRQZKLOVWPDLQWDLQLQJHIIHFWLYH VFDWWHULQJRISKRQRQVDW WKH LQWHUIDFHV7KLV OHDGV WRHQKDQFHGZT
YDOXHV ZKHQ WKH DQLVRWURS\ RI WKHVH FRPSRXQGV LV H[SORLWHG E\ WH[WXULQJ >@ $ IXUWKHU DGYDQWDJH RI WKHVH
VXSHUODWWLFHVWUXFWXUHVLVWKHHDVHZLWKZKLFKWKHZLGWKRIWKHLQWHUIDFHVVWUXFWXUDOPRGXOHVFDQEHPRGLILHGE\
FKDQJLQJWKHYDOXHRI݉DQGWKHUHE\WXQLQJWKHLUWKHUPRHOHFWULFSURSHUWLHV
7KHUHKDYHEHHQ OLPLWHGVWXGLHVRI WKH WKHUPRHOHFWULFSURSHUWLHVDQGFU\VWDOVWUXFWXUHVRI*D2=Q2P ,QDQ
HDUO\ KLJKUHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH +57(0 VWXG\ /L HW DO >@ SURSRVHG D FU\VWDO
VWUXFWXUH IRU WKH HQG PHPEHUV ZLWK m= DQG  EDVHG RQ JDOOLXP IXOO\RFFXSLHG ZHGJHVKDSHG WZLQ
ERXQGDULHVSDUDOOHOWRWKHܾD[LV7KH\DVVLJQHGWKHCmc21VSDFHJURXSRQWKHEDVLVRIVLPXODWLRQDQGHQHUJ\
 ?

GLVSHUVLYH ;UD\ VSHFWURVFRS\ ('6 WHFKQLTXHV ,Q D VLQJOH FU\VWDO ;UD\ GLIIUDFWLRQ ;5' VWXG\ RI WKH
*D2=Q2Pm=6DQGKRPRORJRXVFRPSRXQGV0LFKLXHHWDO>@SURSRVHGWKHRUWKRUKRPELFCmcmJURXS
IRU HYHQ DQG RGG YDOXHV RI m >@ 6XEVHTXHQWO\ LW ZDV SURSRVHG E\ PHDQV RI +57(0 WKDW WKH
*D2=Q2KRPRORJXH>@ZDVIRUPHGE\VWDFNLQJRIm+=Q2WHWUDKHGUDLQYHUVLRQERXQGDULHV,%DQG
ZHGJHVKDSHG WZLQ ERXQGDULHV 7% 7KH XQLTXH VWDFNLQJ VHTXHQFH RI ,% DQG 7% LQWHUIDFHV IRXQG LQ
*D2=Q2P HIILFLHQWO\ VFDWWHU SKRQRQV WKHUHE\ UHGXFLQJ WKHUPDO FRQGXFWLYLW\ 7KH HIIHFWLYHQHVV RI WKHVH
LQWHUIDFHV WR VFDWWHUSKRQRQVGHFUHDVHG WKH WKHUPDO FRQGXFWLYLW\ WR:Pā.DW.ZKHQm=
ZKLOH PDLQWDLQLQJ DQ HOHFWULFDO FRQGXFWLYLW\ RI  6FP DQG D 6HHEHFN FRHIILFLHQW RI  9. DW URRP
WHPSHUDWXUH>@
7KHFU\VWDO VWUXFWXUHRI WKH ,Q2=Q2PKRPRORJRXVFRPSRXQGVKDVEHHQZLGHO\VWXGLHGDQGFRQVLVWVRIDQ
DOWHUQDWHVWDFNLQJRIDQ,Q2ଶି RFWDKHGUDOOD\HUVZLWK,Qܼ݊௠2௠ାଵା  OD\HUV>@7KH,Q2ଶି RFWDKHGUDOOD\HU
IRUPVDQLQYHUVLRQERXQGDU\,%ZKHUHWKHSRODUܿD[LVRIWKH=Q2RFWDKHGUDZLWKLQWKH,Qܼ݊௠2௠ାଵା SRLQW
EDFNZDUGVWRZDUGVWKH,Q2ଶି RFWDKHGUDOOD\HU$]LJ]DJ,QULFKPRGXODWHG,%ZLWKLQWKH,Qܼ݊௠2௠ାଵା  OD\HU
KDVEHHQSURSRVHG WKHRUHWLFDOO\ >@DQGYHULILHGH[SHULPHQWDOO\ >@(OHFWURQLFFRQGXFWLRQZLWKLQ WKH
,Q2=Q2P KRPRORJRXV FRPSRXQGV KDV EHHQ UHSRUWHG WR RFFXU PDLQO\ LQ WKH ,Q2ଶି  RFWDKHGUDO OD\HUV >@
OHDGLQJ WRDKLJKHOHFWULFDOFRQGXFWLYLW\RI6FPDW.ZKHQm=>@'XH WR WKHKLJKO\DQLVRWURSLF
VWUXFWXUHRI WKHVH FRPSRXQGV WH[WXULQJ LV DQ HIIHFWLYHZD\ WR HQKDQFH WKHLU WKHUPRHOHFWULF UHVSRQVH$YHU\
KLJKܼܶRIZDVUHSRUWHGLQD<WWULDVXEVWLWXWHG,Q2=Q2ZKHQWH[WXUHG>@
,QWKH*D2=Q2,Q2WHUQDU\V\VWHPWKHKRPRORJRXVFRPSRXQGVZLWKWKHJHQHUDOIRUPXOD,Q*D2=Q2P
݉ ൌ H[LVW >   @ 8VLQJ VLQJOH FU\VWDO DQG SRZGHU ;UD\ GLIIUDFWLRQ DQDO\VLV D FU\VWDO
VWUXFWXUHFORVHO\ VLPLODU WR WKDWRI WKH ,Q2=Q2PSDUHQWDOFRPSRXQGZDVSURSRVHGE\.HOOHUHWDO >@ IRU
,Q*D2=Q2ZLWKVWDFNLQJRI,Q2ଶି RFWDKHGUDOOD\HUVDQG*Dܼ݊௠2௠ାଵା  OD\HUVWKH*DDWRPVRFFXS\WKH
WULJRQDOELS\UDPLGDOSRVLWLRQVFDXVLQJSRODULW\ LQYHUVLRQRI WKH=Q2 WHWUDKHGUDDWSRVLWLRQVKDOIZD\EHWZHHQ
WKH ,Q2ଶି  RFWDKHGUDO OD\HUV 7KH SURSRVHG LQYHUVLRQ ERXQGDU\ >@ IRUPHG E\ *D FDWLRQV LQ WULJRQDO
ELS\UDPLGURQV ZLWKLQ WKH *Dܼ݊௠2௠ାଵା  OD\HU SURGXFHV D IODW ERXQGDU\ O\LQJ KDOIZD\ EHWZHHQ WKH  ,Q2ଶି 
RFWDKHGUDOOD\HUV
7KHFU\VWDOVWUXFWXUHRIWKH,Q[*D[2=Q2Pm=VROLGVROXWLRQKDVDOVREHHQUHSRUWHG,WZDVSURSRVHG
>@WKDWWKH*DDWRPVRFFXS\WKH,QVLWHVLQ,Qܼ݊௠2௠ାଵା IRU*DVXEVWLWXWLRQVHTXLYDOHQWWRx=DQGVWDUW
 ?

VXEVWLWXWLQJWKH,QSRVLWLRQVLQWKH,Q2ଶି RFWDKHGUDOOD\HUZKHQx>%RWKWKHKLJKHOHFWULFDOSURSHUWLHVRIWKH
,Q2=Q2PFRPSRXQGVDQGWKHYHU\ORZWKHUPDOFRQGXFWLYLW\RIWKH*D2=Q2PFRPSRXQGVHQFRXUDJHGXV
WRLQYHVWLJDWHWKHWKHUPRHOHFWULFSURSHUWLHVRIWKH*D[,Q[2=Q2VROLGVROXWLRQ7KLVVROLGVROXWLRQVKRXOG
RIIHU WKH DGYDQWDJH RI UHGXFLQJ WKH SURFHVVLQJ FRVW RYHU WKH ,Q2=Q2 SDUHQW FRPSRXQG ZLWKRXW
FRPSURPLVLQJWKHWKHUPRHOHFWULFUHVSRQVH
:HKDYH LQYHVWLJDWHG WKHGHSHQGHQFHRIFU\VWDO VWUXFWXUHDQG WKHUPRHOHFWULFSURSHUWLHVRQFRPSRVLWLRQ LQ WKH
*D2=Q2,Q2=Q2V\VWHP:HLGHQWLILHGWKDWFRDGGLWLRQRI%2DQG1G2SURPRWHVGHQVLILFDWLRQLQ
DOOWKHFRPSRVLWLRQV&OHDUFRUUHODWLRQVEHWZHHQWKHFKDQJHVLQWKHFU\VWDOVWUXFWXUHDQGWKHWUDQVSRUWSURSHUWLHV
KDYHEHHQHVWDEOLVKHG
(;3(5,0(17$/
&HUDPLFV RI [*D2=Q2  [,Q2=Q2 x= WR  LQ VWHSV RI  ZHUH SUHSDUHG 7KH VWDUWLQJ
SRZGHUVZHUHUHDJHQWJUDGH=Q23URODER*D23,.(0/WGDQG,Q23,.(0/WG
7KHVWRLFKLRPHWULFIRUPXODWLRQVZHUHZHWPL[HGZLWKSURSDQRODQG\WWULDVWDELOLVHG]LUFRQLDEDOOV
LQDUDWLRIRUKGULHGIRUKDW.DQGWKHQFDOFLQHGLQDLUDW.IRUK$IWHUDGGLQJZW
%2DQGZW1G2>@WRWKHFDOFLQHGSRZGHUVWKH\ZHUHZHWPL[HGDJDLQIRUKDQGGULHG&DOFLQHG
SRZGHUVZHUHXQLD[LDOO\SUHVVHGLQWRSHOOHWVPPGLDPHWHUDQGPPWKLFNXVLQJDKDUGHQHGVWHHOGLH7KH
SHOOHWVZHUHFRYHUHGLQVDFULILFLDOSRZGHURIWKHVDPHFRPSRVLWLRQDQGWKHQVLQWHUHGDW.IRUKLQDLUWKH
FRROLQJ DQG KHDWLQJ UDWHV ZHUH  DQG  .K UHVSHFWLYHO\ 'HQVLWLHV RI WKH VLQWHUHG FHUDPLFV ZHUH
GHWHUPLQHGE\WKH$UFKLPHGHV¶PHWKRG
3KDVH LGHQWLILFDWLRQ DQG VWUXFWXUDO FKDUDFWHULVDWLRQRI WKH VDPSOHV ZDVSHUIRUPHGXVLQJ D3$1DO\WLFDO ;
3HUW
3UR GLIIUDFWRPHWHU LQ44 %UDJJ%UHQWDQR JHRPHWU\ ZLWK CuKĮ UDGLDWLRQ 6DPSOHV ZHUH VFDQQHG LQ WKH
2ș=UDQJHZLWKDVWHSVL]HRI ? ?;5'SDWWHUQVZHUHUHILQHGXVLQJ723$6$FDGHPLF9VRIWZDUH
>@
)RUPLFURVWUXFWXUHHYDOXDWLRQVSHFLPHQVZHUHJURXQGDQGHWFKHGWKHQH[DPLQHGXVLQJD3KLOLSV;/ILHOG
HPLVVLRQJXQVFDQQLQJHOHFWURQPLFURVFRSH)(*6(0+./PLFURVFRSHHTXLSSHGZLWKDQHQHUJ\GLVSHUVLYH
;UD\ 6SHFWURVFRS\ ('6 GHWHFWRU 6DPSOHV IRU WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH 7(0 REVHUYDWLRQV ZHUH
FUXVKHGLQDQDJDWHPRUWDUDQGSHVWOH*UDLQVRILQGLYLGXDOSRZGHUVZHUHGLVSHUVHGLQFKORURIRUPGURSSHGRQWR
 ?

DFRSSHUJULGFRYHUHGZLWKDKROH\FDUERQILOPDQGWKHQGULHG/RFDOVWUXFWXUDOFKDUDFWHULVDWLRQRIWKHVDPSOHV
ZDV SHUIRUPHG ZLWK D )(, )(*7(0 7HFQDL * ) RSHUDWLQJ DW  N9 $WRPLFUHVROXWLRQ ('6 VWXGLHV
ZHUH FDUULHG RXW ZLWK D )(, 7KHPLV (OHFWURQ 0LFURVFRSH RSHUDWHG LQ VFDQQLQJ HOHFWURQ PLFURVFRSH 67(0
PRGHDWN9ZLWKD6XSHU;GHWHFWRUV\VWHP&KHPL67(0WHFKQRORJ\IRU('6FKHPLFDOFKDUDFWHULVDWLRQ
('6VSHFWUXPLPDJHVZHUHDFTXLUHGE\VHULDOO\UDVWHULQJDFURVVDGHILQHGDUHDRIWKHVSHFLPHQDQGUHFRUGLQJ
FXPXODWLYH('6VSHFWUDDWHDFKSRVLWLRQ('6FKHPLFDOPDSVZHUHSURGXFHGE\LQWHJUDWLQJWKHLQWHQVLW\RIWKH
=Q.ĮDQG*D.ĮDEVRUSWLRQSHDNVUHVSHFWLYHO\
7KHHOHFWULFDOFRQGXFWLYLW\DQG6HHEHFNFRHIILFLHQWVZHUHGHWHUPLQHGDVDIXQFWLRQRIWHPSHUDWXUHIURPDPELHQW
WR.LQDKHOLXPDWPRVSKHUHXVLQJDQ8/9$&=(0,,,7KHUPDOGLIIXVLYLW\ZDVGHWHUPLQHGIURPURRP
WHPSHUDWXUH WR. LQDQDUJRQHQYLURQPHQWXVLQJ D1HW]VFK/)$ ODVHU IODVK DQDO\VHU >@ VDPSOHV
ZHUHJUDSKLWHFRDWHGSULRUGLIIXVLYLW\PHDVXUHPHQWVKHDWFDSDFLW\ZDVREWDLQHGXVLQJD1HW]VFK67$&
LQDQDUJRQDWPRVSKHUH)LQDOO\WKHWKHUPDOFRQGXFWLYLW\RIWKHVDPSOHVZDVFDOFXODWHGIURPWKHKHDWFDSDFLW\
CpWKHUPDOGLIIXVLYLW\ĮDQGGHQVLW\ȡYLDWKHUHODWLRQVKLSț= ȡĮCp
5(68/76$1'',6&866,21
:LWKWKHH[FHSWLRQRIWKHݔ ൌ  ?Ǥ ?FRPSRVLWLRQDOOWKH*D[,Q[2=Q2FHUDPLFVDWWDLQHGDGHQVLW\RIDWOHDVW
 WKHRUHWLFDO 7KH RQH ORZ GHQVLW\ YDOXH RI  WKHRUHWLFDO IRU x= UHODWHV WR WKH PLGUDQJH RI WKH
*D2=Q2 DQG ,Q2=Q2 V\VWHP 1HYHUWKHOHVV  WKHRUHWLFDO GHQVLW\ IRU VXFK FRPSRVLWLRQV LV VWLOO
VLJQLILFDQWO\KLJKHUWKDQWKHYDOXHVRIGHQVLW\UHSRUWHGE\0RULJDHWDO>@
)LJVKRZVPLFURVWUXFWXUHVRIWKH*D[,Q[2=Q2SRO\FU\VWDOOLQHFHUDPLFVVLQWHUHGDW.IRUK$OO
WKH VDPSOHVH[KLELWSODWHOLNHPLFURVWUXFWXUHV W\SLFDORI WKHVH OD\HUHGFRPSRXQGV >@$GGLWLRQDOO\ D
PLQRU VHFRQGSKDVHZKLWH LQFRORXUZDVYLVLEOHDW WKHJUDLQERXQGDULHV LQDOO WKH VDPSOHV H[DPSOHVDUH UHG
FLUFOHGLQ)LJD&RPELQHG6(0('6DQDO\VHVLQGLFDWHGWKHPLQRUSKDVHVZHUHULFKLQ1G7KHVHJUHJDWLRQ
RIWKLVSKDVHWRWKHJUDLQERXQGDULHVDQGWKHLPSURYHGGHQVLW\FRPSDUHGWRHDUOLHUVWXG\RIWKHWHUQDU\V\VWHP
>@VXJJHVWVWKDWVXFFHVVIXOOLTXLGSKDVHVLQWHULQJZDVDFKLHYHGWKURXJKDGGLWLRQRIZW%2DQGZW
1G26WULSHVSDUDOOHOWRWKHJURZWKGLUHFWLRQDUHYLVLEOHLQVRPHJUDLQVVHH)LJFLQDJUHHPHQWZLWKHDUOLHU
LQYHVWLJDWLRQV >@ WKH QXPEHU RI JUDLQV H[KLELWLQJ WKHVH SDUDOOHO VWULSHV GHFUHDVHV ZLWK LQFUHDVLQJ JDOOLXP
FRQFHQWUDWLRQWKHx=VDPSOHKDVDKLJKGHQVLW\RIWKHVHIHDWXUHV)LJF7KHVL]HRIJUDLQVLQFHUDPLFVRI
 ?

WKH*D[,Q[2=Q2 VROLGVROXWLRQZDV LQGHSHQGHQWRIFRPSRVLWLRQEHLQJDSSUR[LPDWHO\PLQDOO WKH
VDPSOHV

)LJ%DFNVFDWWHUHGHOHFWURQBSE) SEM images of *D[,Q[2=Q2VDPSOHV (a) x=0.0,  (b) x=0.1 and  (c)  
high magnification image of sample x=1.0.
)LJ  VKRZV;5' SDWWHUQV IRU WKH *D[,Q[2=Q2 SRO\FU\VWDOOLQH FHUDPLFV 2QO\ SHDNV IRU WKH SULPDU\
SKDVHFRXOGEHLGHQWLILHGLQWKHSDWWHUQV'LIIUDFWLRQGDWDZHUHLQGH[HGXVLQJDUKRPERKHGUDOܴ ?ത݉VSDFHJURXS
SURSRVHGE\&DQQDUGDQG7LOOH\ >@ DQG.HOOHU HW DO >@ IRU WKH ,Q*D2=Q2 FRPSRXQGVDQG WKHCmcm
VWUXFWXUH SURSRVHG IRU WKH *D2=Q2 KRPRORJRXV FRPSRXQGV >@ (YHQ DW ORZ LQGLXP FRQFHQWUDWLRQV
x=WKH;5'SDWWHUQVZHUHLQGH[HGVXFFHVVIXOO\XVLQJWKHUKRPERKHGUDOܴ ?ത݉VSDFHJURXSW\SLFDORI,Q
EDVHGKRPRORJRXVFRPSRXQGVQRWUDFHVRIWKHRUWKRUKRPELFCmcm*D2=Q2YDULDQWZHUHGHWHFWHG

 ?

)LJ;5'SDWWHUQVRIWKH*D[,Q[2=Q2VDPSOHVIRUVFDQUDQJHVRID2ș=DQGE2ș=
,QFUHDVLQJ LQGLXPFRQFHQWUDWLRQV IURPx=FDXVHGDGHFUHDVH LQ WKH ODWWLFHSDUDPHWHUܿRI WKHVDPSOHV
ZKHUHDVKLJKLQGLXPFRQFHQWUDWLRQVx=ሻOHDGWRDQLQFUHDVHRIWKHODWWLFHSDUDPHWHUc)RUORZYDOXHVRI
x WKHVH FKDQJHV DUH UHIOHFWHG LQ WKH PRYHPHQWV RI WKH (00l) UHIOHFWLRQV WRZDUGV KLJKHU 2ș YDOXHV )LJ E
FRQVLVWHQW ZLWK WKH ILQGLQJV RI 0RULJD HW DO >@ IRU WKH *D[,Q[=Q2P m=3 V\VWHP 6LPLODUO\ DW KLJKHU
LQGLXPFRQWHQWLQFUHDVLQJxIURPWRGLVSODFHVWKHሺ ? ?݈ሻUHIOHFWLRQVWRZDUGVORZHU ?ߠYDOXHVLQGLFDWLQJ
DQLQFUHDVHLQWKHODWWLFHSDUDPHWHUܿLQDJUHHPHQWZLWKWKHZRUNRI0RULJDHWDO>@7KH\VXJJHVWHGWKDWDW
ORZ LQGLXP FRQFHQWUDWLRQV x< WKH UHGXFWLRQ LQ WKH ODWWLFH SDUDPHWHU ܿ LV GXH WR D FRPSHQVDWLRQ HIIHFW
:KHQ*DDWRPVDUHVXEVWLWXWHGE\,QDWRPVLQWKH,Q2ଶି  OD\HURIWKH,Q2=Q2PKRPRORJRXVFRPSRXQGDQ
H[SDQVLRQRIWKH,Q2ଶି OD\HURFFXUVLQWKHܽGLUHFWLRQWKLVH[SDQVLRQLVFRPSHQVDWHGE\DFRQWUDFWLRQLQWKHc
GLUHFWLRQWRPDLQWDLQWKHFDWLRQDQLRQGLVWDQFH>@,QFRQWUDVWDWKLJKLQGLXPFRQFHQWUDWLRQVݔ ൐  ?Ǥ ? WKH
ODWWLFHSDUDPHWHUܿ LQFUHDVHVZLWK LQGLXPFRQFHQWUDWLRQVLQFH ODUJHU LQGLXPDWRPVDUHVXEVWLWXWLQJIRUVPDOOHU
JDOOLXPDWRPVZLWKLQWKH,Qܼ݊௠2௠ାଵା OD\HU>@7KHFDOFXODWHGcSDUDPHWHUVDUHSUHVHQWHGLQ7DEOH,7KH
GLIIHUHQFHEHWZHHQWKHODWWLFHSDUDPHWHUcIRUWKHx=DQGVDPSOHVLVVPDOOac 1DNDPXUDDQGFR
ZRUNHUV>@SUHGLFWHGWKHOHQJWKRIWKHODWWLFHSDUDPHWHUccRefLQ7DEOH,WREHcDQGcIRUx=
DQG[ UHVSHFWLYHO\7KH\DVVXPHGDOD\HUHGVWUXFWXUHVWDFNLQJ,Q2ଶି ǡ ,Q=Q2ଶǤହDQGm-=Q2OD\HUVDORQJ
WKHcD[LV7KHVHFDOFXODWHGYDOXHVDUHVOLJKWO\KLJKHUWKDQRXUH[SHULPHQWDOYDOXHVܿ௑ோ஽VXPPDULVHGLQ7DEOH
,EXWWKHWUHQGLVWKHVDPH
Table I. Lattice parameter ܿ for the (Ga1-xInx)2O3(ZnO)9 samples from the XRD data (cXRD), and calculated by  
Nakamura et al [19] ( cRef).
6$03/( cXRDc cRefc>@
*D2=Q2  
*D,Q2=Q2  
*D,Q2=Q2  
*D,Q2=Q2  
*D,Q2=Q2  
,Q2=Q2  

 ?

7R EHWWHU XQGHUVWDQG WKH VWUXFWXUDO FKDQJHV LQGXFHG E\ LQGLXP VXEVWLWXWLRQ +LJK 5HVROXWLRQ 7UDQVPLVVLRQ
(OHFWURQ0LFURVFRS\+57(0DQG6HOHFWHG$UHD(OHFWURQ'LIIUDFWLRQ6$('DQDO\VHVZHUHSHUIRUPHG)RU
WKH *D2=Q2 HQG PHPEHU 7(0 LPDJHV HJ )LJ D UHYHDOHG ZHGJH VKDSHG WZLQ ERXQGDULHV 7% LQ
DJUHHPHQW ZLWK WKH +57(0 VWXGLHV RI /L HW DO >@ )RU WKH ,Q FRQWDLQLQJ VDPSOHV WKH ZHGJH VKDSHG WZLQ
ERXQGDULHVDUHQRORQJHUREVHUYHGLQVWHDGHTXLGLVWDQWSDUDOOHOOLQHVSHUSHQGLFXODUWRWKHܿ െD[LV)LJEFDUH
REVHUYHG HYHQ DW ORZ ,Q FRQFHQWUDWLRQV x= ,Q WKH LPDJHV IRU m DWRPLF FROXPQV FDQ EH IRXQG LQ
EHWZHHQWKHSDUDOOHOOLQHVLQDJUHHPHQWZLWKHDUOLHUZRUNRQWKH=Q2,Q2EDVHGKRPRORJRXVFRPSRXQGV>@
7KHVWUXFWXUHIRUWKHFRPSRXQGZLWKWKHORZHVW,QGLXPFRQFHQWUDWLRQx=VKRZQLQ)LJEUHVHPEOHVWKH
FU\VWDO VWUXFWXUHH[KLELWHGE\ WKH ,Q2=Q2PFRPSRXQG)LJF+57(0LPDJHV IRU WKH ,Q2=Q2HQG
PHPEHU HJ)LJ F VKRZHTXLGLVWDQW SDUDOOHO OLQHV SHUSHQGLFXODU WR WKH c-D[LV ,%, FRUUHVSRQGLQJ WR WKH
,Q2ଶି  RFWDKHGUDO OD\HU LQYHUWLQJ WKH SRODULW\ RI WKH =Q2 WHWUDKHGUD DORQJ WKH EDVDO SODQH >@  $
KRPRJHQHRXV GLVWULEXWLRQ RI m DWRPLF FROXPQV DUH REVHUYHG LQ EHWZHHQ WKHVH SDUDOOHO OLQHV ZLWKLQ WKH
,Qܼ݊௠2௠ାଵା OD\HUKLJKOLJKWHGE\\HOORZVSRWVLQ)LJF$OHVVDSSDUHQW]LJ]DJVKDSHGVWUXFWXUDOIHDWXUH
,%,,LQ)LJFFDQEHREVHUYHGZLWKLQWKH,Qܼ݊௠2௠ାଵା OD\HU7KLVKDVEHHQLQWHUSUHWHGDV,QULFKS\UDPLGDO
,%ZLWKD]LJ]DJVKDSHDQGWREHRQHGLPHQVLRQDOPRGXODWHGDORQJWKHbD[LV>@7KHSUHVHQFHRIWKHOHVV
DSSDUHQW PRGXODWHG ]LJ]DJJHG ,% LV IXUWKHU FRQILUPHG E\ WKH DSSHDUDQFH RI DGGLWLRQDO VDWHOOLWH UHIOHFWLRQV
DURXQGWKHPDLQUHIOHFWLRQVLQWKH6$('LPDJHVKRZQLQ)LJF,WLVEHOLHYHGWKDWWKHIRUPDWLRQRI,%VLQWKH
EDVDO SODQH WULJJHUHG E\ VPDOO DGGLWLRQV RI LQGLXP DUH HQHUJHWLFDOO\ PRUH IDYRXUDEOH WKDQ WKRVH LQ WKH
S\UDPLGDOSODQHLQGXFHGE\JDOOLXPDGGLWLRQV7KH]LJ]DJJHGPRGXODWHGS\UDPLGDO,%,%,,REVHUYHGLQWKH
,Q2=Q2FRPSRXQGLVDOVRSUHVHUYHGLQWKH*D,Q2=Q27KHSUHVHQFHRIWKLV,%W\SH,,LVIXUWKHU
FRQILUPHGE\WKHDSSHDUDQFHRIDGGLWLRQDOVSRWVLQWKH6$(')LJE7KH7(0UHVXOWVDUHLQJRRGDJUHHPHQW
ZLWKRXU;5'SDWWHUQV

 ? ?


)LJ  D >@ +57(0 LPDJH RI *D2=Q2 E +57(0 >@ LPDJH RI *D,Q2=Q2 DQG F
+57(0 LPDJH RI ,Q2=Q2 KRPRORJRXV FRPSRXQG 7KH LQVHWV LQ WKH LPDJHV VKRZ WKH FRUUHVSRQGLQJ
6$('6DWHOOLWHUHIOHFWLRQVFDQEHREVHUYHGLQEDWWKHERWWRPRIWKHHQODUJHG6$(' 
7KHFU\VWDOVWUXFWXUHWKHW\SHRILQYHUVLRQERXQGDULHVDQGWKHGLVWULEXWLRQRI,QLQWKHODWWLFHVSHFLILFDOO\LQWKH
LQYHUVLRQ ERXQGDULHV LV ZHOO HVWDEOLVKHG >@ 7R IXUWKHU GLVWLQJXLVK WKH GLIIHUHQFHV EHWZHHQ WKH
VWUXFWXUDOIHDWXUHVH[KLELWHGE\ERWKHQGPHPEHUVZHFRQGXFWHGDQDEHUUDWLRQFRUUHFWHGPLFURVFRS\VWXG\RI
WKH*D2=Q2VDPSOHx=WRUHVROYHWKHVWUXFWXUHDQGHOHPHQWDOGLVWULEXWLRQLQWKH7%¶VDQG,%¶V)LJD
VKRZV D +$$') 67(0 LPDJH DFTXLUHG ZLWK WKH LQFLGHQW HOHFWURQ EHDP SDUDOOHO WR WKH >@ GLUHFWLRQ WKH
LPDJHUHYHDOVDKHDGWRKHDGW\SHWZLQQHGQDQRVWUXFWXUHZLWKDZHGJHDSH[DQJOHRIaPDUNHGLQ)LJ
D7KHERXQGDULHVRIWKHWZLQVODEHOOHGDV7%LQ)LJDDUHSDUDOOHOWRWKHb-D[LVRIWKHFU\VWDOVWUXFWXUH7KH
GHGXFHGZLGWKRIWKHWZLQVIURPWKHODWWLFHLPDJHVLVacLQDJUHHPHQWZLWK+57(0VHH)LJD7KHZHOO
RUGHUHGQDQR7%DUHPDUNHGZLWKSDUDOOHOZKLWHOLQHV)LJE7KHm DWRPLFFROXPQVLQEHWZHHQWKH
ZHGJHVKDSHGQDQR7%ERXQGDULHVDUHREVHUYHGDVUHSRUWHGE\/LHWDOLQWKHHDUOLHU+57(0VWXG\>@7KH
ZLGWKRIWKHQDQRWZLQVLVXQLIRUPWKURXJKRXWWKHUHJLRQVFUHHQHGLQ)LJFRUUHVSRQGLQJWRm DWRPLF
FROXPQV7KHVWDFNLQJVHTXHQFHLQWKHPRGXODUVWUXFWXUHRIWKH*D2=Q2PFRPSRXQGVPXVWEHGHVFULEHGE\
FRQVLGHULQJERWKWKHWZLQDQGLQYHUVLRQERXQGDULHVDVVWUXFWXUHEXLOGLQJRSHUDWRUV>@
7KHGLVWULEXWLRQRI=QDQG*DLQWKH*D2=Q2VWUXFWXUHZDVLQYHVWLJDWHGE\DWRPLFDOO\UHVROYHG67(0('6
IRUFODULW\RQO\WKH*DPDSLVVKRZQLQ)LJEWKHPDSVUHYHDOWKHSUHYDOHQFHRI*DDQGFRUUHVSRQGLQJ=Q
GHSOHWLRQDW WKH7%PRUHVSHFLILFDOO\E\WKHGDUNHUDWRPLFFROXPQVLQWKH+$$')LPDJH)LJD7KH*D
SDUWLDOO\RFFXSLHG 7% REVHUYHG LQ WKH +$$')('6 PDSV )LJXUH  EF VKRZV WKDW *D DQG =Q RFFXS\ WKH
DOWHUQDWHODWWLFHVLWHVLQWKHWZLQERXQGDULHV7KLVILQGLQJLVLQJRRGDJUHHPHQWZLWKWKHSUHGLFWLRQVRI%DUIHWDO
>@DQG*XLOPHDXHWDO>@LQWKH+$$')67(0('6VWXGLHVRIORZOHYHO*DGRSHG=Q2)XUWKHUPRUH*D
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
HQULFKHGEDQGV FDQEHREVHUYHGSDUDOOHO DQG LQEHWZHHQ WKH7%V )LJE7KHVH*DULFKERXQGDULHV FDQEH
LQIHUUHG DV LQYHUVLRQ ERXQGDULHV 7KXV WKH ('6 GDWD VXJJHVWV WKH IRUPDWLRQ RI *DFRQWDLQLQJ LQYHUVLRQ
ERXQGDULHVLQEHWZHHQWKHQDQR7%ERXQGDULHV

)LJD>@+$$')LPDJHRIWKH*D2=Q2x=VDPSOHDQGFRUUHVSRQGLQJ('6HOHPHQWDOPDSVE
*DKĮ DQGF=QKĮ
7KHWKHUPRHOHFWULFSURSHUWLHVRIWKH[*D2=Q2[,Q2=Q2VROLGVROXWLRQV\VWHPZHUHGHWHUPLQHG
DQGDUHVXPPDULVHGLQ)LJ$OOWKH*DFRQWDLQLQJVDPSOHVVKRZVHPLFRQGXFWLQJEHKDYLRXUZLWKHOHFWULFDO
FRQGXFWLYLW\6FPDWURRPWHPSHUDWXUH+RZHYHUWKH,Q2=Q2HQGPHPEHUVKRZVPHWDOOLFEHKDYLRXU
ZLWK WKHKLJKHVW HOHFWULFDO FRQGXFWLYLW\RI DURXQG6FPDW URRP WHPSHUDWXUH WKLV LV FRPSDUDEOHZLWKGDWD
UHSRUWHGE\2KWDHWDO>@IRUWKLVHQGPHPEHU2YHUDOO WKHHOHFWULFDOFRQGXFWLYLW\LQFUHDVHVDFURVVWKHZKROH
WHPSHUDWXUHUDQJHXSRQWKHLQWURGXFWLRQRI,QLQWRWKHVWUXFWXUH5HPDUNDEO\WKHUDWHRILQFUHDVHRIHOHFWULFDO
FRQGXFWLYLW\ZLWKLQFUHDVLQJWHPSHUDWXUHLVPRUHSURQRXQFHGIRUFRPSRVLWLRQx=UHDFKLQJDKLJKYDOXHRI
6FPDW.,WLVEHOLHYHGWKDWWKHUHDVRQIRUWKLVEHQHILFLDOLQFUHDVHLQWKHHOHFWULFDOFRQGXFWLYLW\RIWKH
*D,Q2=Q2VDPSOHLVGXHWRDWKHFKDQJHLQWKHFU\VWDOVWUXFWXUHIURPZHGJHVKDSHG7%¶VWRSODQDU
,%¶VDQGEDUHGXFWLRQLQWKHHOHFWURQLFEDQGJDS>@7KHFKDQJHLQWKHFU\VWDOVWUXFWXUHZDVWULJJHUHGE\
WKHIRUPDWLRQRIERWKW\SH,DQGW\SH,,LQYHUVLRQERXQGDULHVFUHDWLQJDFU\VWDOVWUXFWXUHVLPLODUWRWKDWRIWKH
,Q2=Q2HQGPHPEHUDVREVHUYHG LQ)LJE $WKLJKJDOOLXPFRQFHQWUDWLRQx<ሻ WKH,%,ZKHUH WKH
HOHFWULFDOFRQGXFWLRQPDLQO\RFFXUV>@ZLOOEHKLJKO\GRSHGE\JDOOLXP7KLVVXEVWLWXWLRQZDVSUHYLRXVO\
SURSRVHGE\1DNDPXUDHWDO>@DQGIXUWKHUFRQILUPHGE\WKHV\VWHPDWLFFKDQJHLQWKHODWWLFHSDUDPHWHUܿ LQ
RXU;5'GDWD)LJ$VZHOODVWKHPRGLILFDWLRQRIWKHFU\VWDOVWUXFWXUH)LJWKHVXEVWLWXWLRQRI*DDW,Q
VLWHV PD\ LQGXFH D FKDQJH LQ WKH HOHFWURQLF EDQG VWUXFWXUH RI WKH *D[,Q[2=Q2 FRPSRXQG GXH WR WKH
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
IRUPDWLRQRIORFDOL]HGEDQGHGJHVWDWHVE\*DDGGLWLRQV>@7KHKLJKHUHOHFWULFDOFRQGXFWLYLW\DWx=)LJ
DIXUWKHUVXJJHVWVWKHQDUURZLQJRIWKHHOHFWURQLFEDQGJDSE\WKHLVRHOHFWURQLFVXEVWLWXWLRQRI,QE\*DDWWKH
LQYHUVLRQERXQGDULHV)XUWKHULQFUHDVHLQWKHLQGLXPFRQFHQWUDWLRQx=ሻDOVRSURGXFHVDKLJKUDWHRILQFUHDVH
RIWKHHOHFWULFDOFRQGXFWLYLW\ZLWKLQFUHDVLQJWHPSHUDWXUHEXWOHVVSURQRXQFHGFRPSDUHGWRVDPSOHVZLWKx=
)LJ$GGLWLRQDOO\ WKHURRPWHPSHUDWXUHHOHFWULFDOFRQGXFWLYLW\RI,QVXEVWLWXWHGFRPSRVLWLRQVGHSHQGVRQ
WKH ,Q2 ERQG OHQJWK IRXQG LQ WKH ,Q2ଶି  OD\HU ,%, WKH ODUJHU WKH ,Q2 GLVWDQFH WKH KLJKHU WKH HOHFWULFDO
FRQGXFWLYLW\DVVKRZQLQ)LJDWKLVZDVSURSRVHGE\0RULJDHWDO>@IRUWKH,Q*D2=Q2Pm=DQG
V\VWHPV
7KH6HHEHFNFRHIILFLHQWVRIWKH*D[,Q[2=Q2VROLGVROXWLRQVDPSOHV)LJEH[KLELW݊ െW\SHEHKDYLRXU
DQG WKH DEVROXWH YDOXHV ȁܵȁ LQFUHDVH ZLWK LQFUHDVLQJ WHPSHUDWXUH $PRQJ DOO WKH FRPSRVLWLRQV WKH
,Q2=Q2 HQG PHPEHU VKRZV WKH ORZHVW ȁܵȁ ZKLFK LQFUHDVHG IURP  WR  ߤ9. RYHU WKH WHPSHUDWXUH
UDQJH LQYHUVHO\ SURSRUWLRQDO WR WKH KLJKHU HOHFWULFDO FRQGXFWLYLW\ H[KLELWHG E\ WKLV VDPSOH 7KH 6HHEHFN
FRHIILFLHQWV IRU WKH ,Q2=Q2 VDPSOH DUH LQ JRRG DJUHHPHQW ZLWK WKH YDOXHV UHSRUWHG E\ 2KWD HW DO >@
:LWKLQWKHXQFHUWDLQW\UDQJHWKH*DEDVHGVDPSOHV[ DQGKDYHDSSUR[LPDWHO\WKHVDPH6HHEHFN
FRHIILFLHQWV ȁܵȁ ZKLFK LQFUHDVH IURP a ߤ9. DW URRP WHPSHUDWXUH WR a ߤ9. DW  . 7KH x=
VDPSOH*D,Q2=Q2VKRZVDVOLJKWO\ORZHUDEVROXWHYDOXHRIWKH6HHEHFNFRHIILFLHQWLQFUHDVLQJIURP
 WR  ߤ9. RYHU WKH WHPSHUDWXUH UDQJH WHVWHG 7KHVH UHVXOWV DUH FRQVLVWHQW ZLWK WKH KLJKHU HOHFWULFDO
FRQGXFWLYLW\H[KLELWHGE\WKLVVDPSOHx=
7KHSRZHU IDFWRU IRU WKH *D[,Q[2=Q2 VROLG VROXWLRQ VDPSOHV DUHSUHVHQWHG LQ)LJF$PRQJ WKH*D
EDVHGFRPSRXQGVWKH*D,Q2=Q2VDPSOHH[KLELWHGDPXFKKLJKHUSRZHUIDFWRURIDSSUR[LPDWHO\
ȝ:PÂ.DW.FRPSDUHGWRWKDWRIWKH*D2=Q2HQGPHPEHUȝ:PÂ.DW.

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
)LJD(OHFWULFDOFRQGXFWLYLW\E6HHEHFNFRHIILFLHQWDQGF3RZHU)DFWRURI*D[,Q[2=Q2VDPSOHVٱൌ ?Ǥ ?ǡሁൌ ?Ǥ ?ǡ጖ൌ ?Ǥ ?ǡŸൌ ?Ǥ ?ǡᇟൌ ?Ǥ ?ٲൌ ?Ǥ ?
7KH WKHUPDO FRQGXFWLYLW\ GDWD IRU WKH *D[,Q[2=Q2 VDPSOHV DUH VKRZQ LQ )LJ D DOO DUH OHVV WKDQ 
:Pā.DW.ZKLFKDUHPXFKORZHUWKDQIRUSXUH=Q2DQGPRVWR[LGHEDVHGWKHUPRHOHFWULFPDWHULDOV7KH
WKHUPDOFRQGXFWLYLW\RI WKH*D[,Q[2=Q2 VDPSOHVJUDGXDOO\ LQFUHDVHGDV WKH,QFRQFHQWUDWLRQ LQFUHDVHG
UHDFKLQJ  :Pā. IRU x= DW URRP WHPSHUDWXUH 7KH WKHUPDO FRQGXFWLYLW\ RI WKH x= VDPSOH LV VOLJKWO\
ORZHUWKDQWKDWRIWKHx=VDPSOHWKLVPLJKWEHGXHWRORZHUGHQVLW\RIWKHx=VDPSOHa0RUHRYHU
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
FRQVLGHULQJ0D[ZHOOGHQVLW\FRUUHFWLRQVDQGWKHHOHFWURQLFFRQWULEXWLRQWRWKHWKHUPDOFRQGXFWLYLW\WKHODWWLFH
FRQWULEXWLRQ WR WKH WKHUPDO FRQGXFWLYLW\ DOVR LQFUHDVHV DV WKH ,Q FRQFHQWUDWLRQ LQFUHDVHV LQ WKH *D
[,Q[2=Q2V\VWHP7KLV LVDWWULEXWHGWRWKHLQWURGXFWLRQRISRLQWGHIHFWVDW WKHLQWHUIDFHV,%,DQG,%,,
7KH WKHUPDO FRQGXFWLYLW\ RI WKH ,QEDVHG FRPSRXQG LV WZLFH WKDW RI WKH *DEDVHG FRPSRXQG +RZHYHU ORZ
LQGLXP FRQFHQWUDWLRQV LQ WKH *D[,Q[2=Q2 V\VWHP VLJQLILFDQWO\ ORZHUV WKH WKHUPDO FRQGXFWLYLW\ RI WKH
,Q2=Q2FRPSRXQGDSSURDFKLQJWKDWRI*D2=Q27KLVGHFUHDVHLQWKHWKHUPDOFRQGXFWLYLW\LVDVFULEHG
WR LQFUHDVHG SKRQRQ VFDWWHULQJ FHQWUHV LQWURGXFHG WKURXJK GRSLQJ DQG WKH GHFUHDVHG GLVWDQFH LQ EHWZHHQ WKH
SDUDOOHOLQWHUIDFHV,%,,Q2ଶି OD\HUZKHQJDOOLXPVXEVWLWXWHVIRULQGLXP
7KHWKHUPDOFRQGXFWLYLW\RI,Q2=Q2x=)LJDLVORZHUWKDQWKHYDOXHUHSRUWHGE\2KWDHWDO
>@ 7KH FDOFLQDWLRQ VWHS DQG ORQJHU VLQWHULQJ WLPH XVHG LQ WKLV VWXG\ PD\ EH WKH UHDVRQ IRU WKLV EHQHILFLDO
UHGXFWLRQ+RZHYHU WKHPHFKDQLVP ORZHULQJ WKH WKHUPDOFRQGXFWLYLW\RIRXUKLJKGHQVLW\ VDPSOHFDQQRWEH
LGHQWLILHG E\ VLPSOH FRPSDULVRQ ZLWK WKH ZRUN RI 2KWD HW DO >@ GXH WR WKH ODFN RI VWUXFWXUDO GDWD DQG
PLFURVWUXFWXUHGHWDLOVLQWKHLUVWXG\

Fig. 6. (a) Thermal conductivity and (b) Dimensionless figure of merit of *D,Q[,Q[2=Q2 samples ٱൌ ?Ǥ ?ǡሁൌ ?Ǥ ?ǡ጖ൌ ?Ǥ ?ǡŸൌ ?Ǥ ?ǡᇟൌ ?Ǥ ?ٲൌ ?Ǥ ?Ǥ
7KH)LJXUHRI0HULW IRUDOO WKH VDPSOHVZDVGHWHUPLQHGIURP WKHSRZHU IDFWRUDQG WKHUPDOFRQGXFWLYLW\GDWD
)LJDQGDDQGLVSORWWHGLQ)LJE,QWKH,QVXEVWLWXWHGVDPSOHVDKLJK)LJXUHRI0HULWRIDW.
ZDVREWDLQHGIRU*D,Q2=Q2VDPSOH7KLVLVGXHWRLPSURYHGSRZHUIDFWRUZKLOHPDLQWDLQLQJWKHORZ
WKHUPDO FRQGXFWLYLW\ RI *D2=Q2 DFKLHYHG E\ HQJLQHHULQJ WKH LQWHUIDFHV DW WKH QDQRVFDOH OHYHO DQG
SRWHQWLDOO\ E\ QDQRSDUWLFOHV DULVLQJ IURP WKH 1G DQG % DGGLWLRQV  7KH UHGXFHG WKHUPDO FRQGXFWLYLW\ RI
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
FRPSRVLWLRQx= LVDVFULEHG WR LQFUHDVHGSKRQRQVFDWWHULQJFHQWUHV LQWURGXFHG WKURXJKPDVVGLIIHUHQFHDQG
WKHUHGXFWLRQLQWKHVSDFLQJRIWKHLQWHUIDFHV7KHKLJKILJXUHRIPHULWIRUWKHx=VDPSOH)LJERILV
WKH KLJKHVW UHSRUWHG IRU WKH ,Q DQG*DKRPRORJRXV FRPSRXQGV *D[,Q[2=Q2P [  m=   DQG 
>@DQG,Q2=Q27KLVKLJKZTRIDW.DULVHVIURPWKHORZHUWKHUPDOFRQGXFWLYLW\H[KLELWHGE\
WKHKLJKGHQVLW\,Q2=Q2FRPSRXQGSUHSDUHGZLWKZW%2DQGZW1G2
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+LJKGHQVLW\FHUDPLFVLQWKH*D[,Q[2=Q2V\VWHPZHUHDFKLHYHGE\WKHXVHRIPLQRUDGGLWLRQVRI%2
DQG1G2WRSURPRWHGHQVLILFDWLRQ7KHVWUXFWXUDOIHDWXUHVRI*DEDVHGFRPSRXQGVDUHGLIIHUHQWIURPWKH,Q
EDVHG FRPSRXQGV 7KH *D2=Q2 VWDFNV WZLQ DQG LQYHUVLRQ ERXQGDULHV DORQJ WKH ܿ D[LV ZKHUHDV WKH
,Q2=Q2LVIRUPHGE\WKHVWDFNLQJRIEDVDODQGS\UDPLGDOLQYHUVLRQERXQGDULHV>@,WZDVIRXQGWKDWHYHQ
DWORZ,QGLXPFRQFHQWUDWLRQVx=ሻWKHFU\VWDOVWUXFWXUHRIWKH*D[,Q[2=Q2KRPRORJXHUHVHPEOHVWKDW
RI WKH ,Q2=Q2P HQG PHPEHU UDWKHU WKDQ LWV JDOOLXP FRXQWHUSDUW 7KH VDPSOH ZLWK WKH ORZHVW LQGLXP
FRQFHQWUDWLRQ x=H[KLELWHGEDVDODQGS\UDPLGDO]LJ]DJVKDSHG ,%¶V W\SLFDOO\ IRXQG LQ WKH ,Q2=Q2P
IDPLO\7KHSUHVHQFHRIJDOOLXPDQG LQGLXPDW WKHVH LQYHUVLRQERXQGDULHV LQFUHDVHG WKHQXPEHURIVFDWWHULQJ
FHQWUHVORZHULQJWKHWKHUPDOFRQGXFWLYLW\6XEVWLWXWLRQRIVPDOODPRXQWVRI,QLH*D,Q2=Q2x=
VLJQLILFDQWO\ LPSURYHG WKH WKHUPRHOHFWULF SURSHUWLHV RI *D2=Q2 HQG PHPEHU 6HHEHFN FRHIILFLHQWV
LQFUHDVHGIURPWRߤ9.DW.HOHFWULFDOFRQGXFWLYLW\LQFUHDVHGIURPaWR6FPDW.
ZKLOHPDLQWDLQLQJDORZWKHUPDOFRQGXFWLYLW\RI:P ?.DW.OHDGLQJWRDKLJKILJXUHRIPHULWRIDW
.WKLVLVWKHKLJKHVWZTUHSRUWHGIRUERWK*DDQG,QEDVHGKRPRORJRXVFRPSRXQGV7KHܼܶRIWKHx=
VDPSOHLVDVKLJKDVWKDWIRUVDPSOHVRI,Q2=Q2ZLWKWKHDGGHGEHQHILWRIUHGXFHGSURFHVVLQJFRVWVWKURXJK
HQJLQHHULQJWKHLQWHUIDFHVDWWKHQDQRVFDOHOHYHO
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7KHDXWKRUVDUHJUDWHIXOWRWKH(365&IRUWKHSURYLVLRQRIIXQGLQJIRUWKLVZRUN(3+(3,
(3/ (3/ DFNQRZOHGJHG E\ 5) 6XSHU67(0 LV WKH (365& 1DWLRQDO )DFLOLW\ IRU
$GYDQFHG(OHFWURQ0LFURVFRS\VXSSRUWHGE\(365&$OOUHVHDUFKGDWDVXSSRUWLQJWKLVSXEOLFDWLRQDUHGLUHFWO\
DYDLODEOHZLWKLQWKHSXEOLFDWLRQ

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